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An interesting fact brought out in the obsewat,ions on 
this slope is that the highest average miiiinium tempera- 
ture was found a t  the 335-foot station, 50 feet below the 
summit of the ridge; the niiiiimum t,emperat8ure a t  tlie 
summit was as high a.s that a t  the 2%-foot st,ntion on 
only one night during the sea.son. Tlie summit of the 
ridge is well rowicletl and t-lie groiuid slo;wd away from 
the summit station in all directions. Tlie steep slope 
began about 30 feet from t,he thermometer s1ielt.er. 

T H E  PRINCIPLE OF T H E  CONSERVATION OF ANGULAR 
MOMENTUM AS APPLIED T O  ATMOSPHERIC MOTIONS. 

H. W. CLOUGH. 

[Weather Bureau, Washington. Jmie 2%. le?(J.] 

The chan e in the relative east.erly i-clocity of n hotly 

to its variation in latitude, sometimes rt~ferreil to as t,lie 
change of velocity with change of latit.udr, wa.s first. ini- 
perfectly recognized hy Haclley ahout 1735, who es- 
plained trhe trade winds in t . lk  iii~iiner. He sssumril 
that a body tends to retain it,s initial al)sulutc ,oyrat.t.)ry 
velocity when forced to another pardel .  Ferrcl, how- 
ever, showed t.Iiat talle law of c!onser\-ntion of aiigri Lar 
momentum or the preservat.ion of areas a.pplics t,o R hotly 
on the earth's surface, which ereii a t  relat.ire rest, is 
gyrating around the earth's hsis with a \-eloc.it,g propor- 

Such n lwily, on 
hein- forced to another lnt.it.u<le, teiids to preserve its 
an 3 a r  momentum, hence must c1innge it,s ansolu te east, 
vekcity inversely as the c,osiiie of the 1at.itucle. A body 
then moving toward the pole would ncquirc a relative 
easterly velocity. The formula for the increase in rt4ttJi\-r 
easterly velocity in n body moving from lat. 4 to lat,. 4, 
is VI = 465 m. p. s. ('Os " cos 4,). For essmplc, a hody 
a t  rest in lat. 70' would ac.cluirc ut, lat. YOo n relative 
easterly velocity of 333.6 ni. 11. s. 

It is well known, howevcr, that. the cnornioiis velocit.ies 
thus called for by the priiiciple of equal wens tln not. 
esist in the atmosphere, a i d  since this princi 11o is of 
rigorous application to all air mot,ihns. the proh I em is t,o 
account for the modernts vclocit.ies :rct,urrlly ohservctl. 

Hadley acc,ounted for the cKierence be.tweeii the t.heo- 
retical and the actual strength of talle tracle wiiids hy the 
retarding influence of friction with the enrt.li's suifncc. 

Ferrel I arrives at the following tlieoreticttl w-est-cast 
velocities for a frictionlcss atmosphere on a smontli rot,%t,- 
ing lobe with a decrease iii temperature from the erlutitt)r 
to t K ie poles. The plus signs are tlic easterly rclocities; 
the minus signs, westcrly velocities. 

moving free P .y without friction on the earth's surfnce, clue 

. tional to the cosine of the latitude. 

cos 41 

He attempted to show that these cscessive velocities, 
required by the so-called '"canal theory," could be rc- 

cluced to moderate values hy introducina proper coeffi- 
cients of friction. He states ("-4 Popularheatise on the 
Rincls," p. 118, par. S1) : 

The 1-elocities of the east and west componenb at the surface, de- 
pending upon the forces of innmenturn, depend very much upon the 
nature of that surface. For the velocities increase until the resistances 
to the motions are equal to the forces producing them, so that the 
smoother the surface and the less the friction between the air and that 
Aurface the greater the velorities. If there were no resistance from 
the earth's surface tliase velocities v.-oulcl be very .great. but on account 
of the sniahess of the forces giving rise to them and maintainin them 
by 01 ercominq frictiun when they are once established, these vefocities 
are comparatively very small. 

Oherbeck's tlicory likewisc calls for csccssire velocities 
in rnitlclle latitudes. 

Friction, furthermore, is to be considered since witliout it the 
atmospheric currents under the continuous influence of accelerating 
forces nould attain to indefinitely greslt velocities. (AlJlle's transla- 
tion, The Meclianics of the Earth's Atniospliere, Baiithzoliinn Misc. Col., 
Vol. 34, -4rt. S. 

Von Hclnihvl tz' theory of atmospheric circulation 
introducetl resistances clue to vortex motions, w-hich he 
conceived as ori4nnting from the mutual interaction 
of air currents. 6 n e  of his assumptions is thitt the inter- 
nal friction of the atmosphere, in the liiglier let-els a t  
least., is prncticnll>- negligible. 

Bigelow's theory iiivolves horizontal counter cur- 
rents in the lower levels from the surface to 3 or 3 kilo- 
meters. facilitating interchange of polar and' equatorial 
temperit tures and t rniling by tlic forma tion of vortices 
to retnrtl tlie upper circulation to the moderate velocities 

The vnlitlity of Ferrel's "canal theory" has been 
cpestioned by mnnl- since it in\-ol\-es a retardation of the 
upper currents far greater than could conceivably be 
accounted for by viscosity, suiface friction, turbulence, 
Tertical convection or vortex motions. 

On the other hnnd the rapid u )per east wind over the 

as a wind without gradient, has heeii explained as a 
result of tlic transference of air from a position of relative 
rest at about latitude 14" or 1 5 O ,  to the equator, the 
relat ire 11 estwwcl velocity being increased 111 accord- 
ance with tlie law of prescii-at ion of areas. Evidently 
in this mst1 no rtbtnrdiiig or damping influences are 
desirnhlc. 

hlaiiy mcteorologicnl textbooks niake vague and mis- 
l d i n g  rtbfermces to this subject. Hnnn (Le1irl)uch der 
lleteorologiri, :M ctl., p. 4:W says: 

Accordins to the principle of the preservation of the moment of 
rotation, air pawins from the equator toward higher latitudes acquires 
in this way estraordinatily great easterly components. Actually, 
friction, the mixing of air inasses, etc., prevent the attainment of such 
yelocities. 

Angot (Trait6 de El6nient~airc &16tCorologie, p. 154 1 : 
It may be shown that if friction were ahsent the air, acquiring a 

great relative eapterl>* velocity. could not. under the effect of the cen- 
t r i fyal  force which results from the relative velocity, remain in the 
\icinity of the pole. 

ACt unlly obsrr\-ed. 

equator, or tlie " I h k a t o n  wint / , " by some described 

1\Iilliam (Meteorology, p. 62) : 
The air nmsses will be deviated to the right in the northern hemisphere 

and become more and more a west current encircling the pole in a 
great whirl. As this ring of whirling air about the pole approaches 
it the mais remains cunstant. the radius is decreasing and thus the 
velocity must steaclily increase and it has been computed that i f  the 
xelocities were not held down by friction they would amount to hun- 
dreds of thousands of miles per hour. 

~ ~~ ~ 

1 Values computed by Bigelow from Ferrel's equation. International Cloud He- 
wn, P. 603. 

2 Tsisserenc flr Bort. L. Report on the present state 01 our knomledge respecting the 
generalrirculotinir 01 the btinwpliere. 1K03,p. 5. 



464 MONTHLY WEATHER REVIEW. AUGUST, 1920 

Moulton (An Introduction to Astronomy, p. SG) : 
If it were not for friction with the earth's surface, a mass of air moving 

from latitude -IOo to latitude 15O. a distance of less than 350 miles. 
would acquire an eastward velocity with respect to the surface of tlie 
earth of over 30 miles per hour. 

The impression gained by reading these estract.s is 
that air moving froni one latit,ucle to another unclergoes 
thereby a change in its velocity w-ith reference to the 
earth's siwface, while its velocity remains unclinnaeil if 
i t  moves along a parallel. The increase in the veTocity 
thus acquired is supposed to be reduced by friction so 
that only moderate velocities actually result. 

Davis (Element,ary Meteorology, p. 103 1 correctly 
pointed out the effect of a change in labit,ude on nir 
masses. He says, referring to the trade winds: 

The explanation still generally current follows that given by Hadlet., 
in brief, aa follows: If a mass of air moves from latitude 30" north 
toward t.he Equator, it advances upon latitudes whose eastward rotary 
velocity is greater and greater, and in consequence of this the air lays 
behind and, hence, appears as an oblique northeast surface wind. 
Indeed. if it were not for the friction with the surface of tlie land ancl 
sea, by which the adrancing air continually acquires something of the 
eastward motion of the latitude that. it enters. there should be a 1-iolent 
westward hurricane of a hundred miles or more at  the Equator sccnrd- 
ing to this theory. 

This explanat,ion contains two serious errors, which are .liere referred 
to because they have , ~ n e d  general currency. Iiadley's explanatirm 
implies that there is no effect produced on motion to the east, or west,, 
while, as stated above, the detlecti.-e force arising from the earth's 
rotation is independent of the direction of motion. Again, Hadley's 
explanation teaches that a body nin1 ing toward the Equatnr coli- 
tinually l a g  westward, EO that i f  friction had no effect it would attain 
a pea t  velocity to the west when it reached the Equator. This is 
wrong. The la?+g, i f  such an espresion is introduced at  all, can 
not be continually i n  one direct.ion. as to t.he west, tJut can only be at  
right anglcs to the nioaioitrny dirwtion of nmtioia. and hence can ro- 
duce no $feet on. the 1-elon'ty. If a bo& were given a velocity o f 3 5  
milea an hour to the south .when in latitude 30" north, ancl was sup- 
posed to move without friction over a level surface. it uvould continue 
to move a t  the same moderate rate whatever latitude it reached; while 
Hadley's explanation would give it a velocity of a Iiundred miles or 
more westward at the Equator. A proper understanding of the t,rue 
value and action 01 the de1:ective force should therefore be introduced 
into the popular teaching of meteordlogy. 

NotwTithstantling the fact that Davis wrote this in 
1S93, ninny later writers hat-e continued to give the same 
erroneous esplanation of the niovement. of air masses in 
obeying the law of preserration of areas. This may be 
partly accounted for by n failure in Davis's criticism to 
disctlminate clearly between relative velocity a i d  
easterlv velocity. I 

In view of the divergence among theoretical meteor- 
ologists regarding this problem, i t  is not surprising that 

opular writers and iioiinintlieiiintical stutlcnt,s esperienca 
&ficult;v in correctly understanding the principles in- 
volved. 

The prohleni is sim lifiecl by a pr~?liniinary c.onsiderti- 

lolie, under the defecting force of tlie enrtli's rot,ation. 
h i e  niotion of an air part.icle is hut little more coni li- 

mathematical formuls for espressing the movement 
under varying conditions of velocity and latitude. 

F. J. W. Whipple has given the most c.om Aete discua- 

Take the simple case that, the body moves in such a 
small range of lat.itude that the sine of the latitude whic.li 
enters into the ftjrmula espressing the deflecting force 
may be regrtrdod as constant. This forniiila is, for n unit 
mass of 1 g a m ,  2vw sin 4, where o is the velocit,y of bhe 
body in centimeters per sec,ond, o the angu1ar.t-e- 
locity of trlie earth's rotat,ion per second, mid 4 the 
latitude. Since this force always act.8 at  right angles 

tion of the motion of a 1 ody moving without fric,t,ionon the 

cated. The theory is simple but leads to rather conip P e s  

sion of the aths of bodies moving without 1 riction on a 
rotntiiig glo P )e. (Phil. Mng., vol. 33, p. 457.) 

to the momentary direc.tion of niotion of the body, !he 
latter preserves its initial relative velocity, or its velocitp 
with reference to tlie earth's surface, under all circum- 
stances. If the sine of the lat,itude is constant, or nearly 
so, the deflective force is constant and the body being 
continually deflected from its course by equal angles in 
equal times c1escril.m a circle. Actually the circle is not 
quite rlnsed ani1 the path forms a senes of overlappin 
loops along which the body gradually moves westwar 
along n parallel. The path being circular, there must be 
ecludity hetween the deflecting force and the centrifugal 
force clue to t.he inertia of tlie body. The latter force is 

proportionnl to 1-1 27 being the initial velocity and T the 

rnclius of curvature of its circular path. The deflecting 

% 

4'2 

Q' 68572, 
force is ?UP! sin 4. Hence r =- The for- 

niula gives tlie radius of curvature in meters, if the velocity 
is espressecl in meters per second. The table in Davis's 
Meteorology (p. 10-1) gives incorrect values of the radius 
of curvature correspondin to  varying latitudes and ve- 

correct value of r .  
locities. The values shou P d he divided by two to obtain 

R IO f50' I 

FIG. 1. 

Fiaure 1 illiistrntes the ap rosimately circular path of 

Itr describes a circular path with a radius T reaching its 
est.renie northern limit a t  C! in latitude 41, where its mo- 
tion is clue eastrrly. C!ont.inuina to be deflected, i t  
crosscs lat,itude 4 at  D, moving cfue south and returns 
nearly to its eturting point, crossing latitude slightly 
west of A. 

Assume a 1)odp projected northward-from a point on the 
fiftiidi pnrallel with a velocity of 5 meters per second. 
Suhstitiiting in the formula above, T equals 44.75 kilo- 
nicters. The latitude & reached a t  the most northerly 
point, of its path where its niotion is due easterly is 50' 

or 50'' 31' N., 111.18 kilometers being the length 1111s' 
of a degree of lntitucle along the meridian at  latitude 
5n0. The t,ime of revolution is 15.7 hours. The cosine 
of 50' is 0.6-12s and of 5 0 O  24' is 0.6374. Substituting 
in the above formula for change in easterly ve- 

a hoay projected due north P rom a point A at  latitude.4. 

locit,y, vi = 4 6 5 ( y E -  0.6374 = 5 meters per second. ) 
In this forniiila v, represents thechange in easterlv velocity 
in accordance with the law of areas, esperienced by a body 
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moving from latitude 4 to latitude c$~. Easterly relocity 
signifies the easterly coniponeii t of the rela.tive velocity of 
the body. The relative velocity is the init.ial velocity of 
projection, irrespective of direction. If the hocly is 
projected due north, its easterly velocity is zero a t  
the point of project.ion which is A4 in tlie figure. 
As it c.urves to the eastward tlie ensberly conipo- 
nent of the relative velocity gradually increases until when 
it reaches C'itseasterlyrelocity equals it,s relative -relocity. 
I n  tlie above illustration, the body moving from In bitude 
50" to 50" 21' acquires an easterly velocity in a.ccordancc 
with the law of reservation of areas of 5 meters per sec- 

The easterly velocity a t  A \n-ts zero. Hence a t  latitucle 
50" 24' it has acquired an increased easterly velocity of 5 
.meters per second hut its relstire velocity is unchanged. 
Continuing to move southward, it loses its easterly ve- 
locity at D and gains a westerly re1ocit.y of 5 meters per 
seoond a t  E, the most southerly point reached. 

Therefore a body moving freely under the influence o f  
the earth's deflective force undergoes varin t,ioiis in it.s 
easterly velocity in strict accorclnnce wit.11 the principle 
of the preservation of areas. Its rcla.tire w1ocit.y or 
initial velocity of project,ion remains unchanged. The 
deflective force acts perpendicularly to the momentary 
direction of motion, causing the body t.o describe a nearly 
circular path wit.li unchtiiiged init.ia1 relative velocity. 
A body moving freely over the earth's surface from onc 
latit,ude to another can a.nd does obey the law of equnl 
areas without any change in its rela.t.i\-c velocity. At the 
estreme latitude which it is able to reach in its c.urred 
path it gains or loses hv the law of areas n n  ea.st.erly 
velocity precisely equivalent to its init.ia1 velocity, if the 
direction of projection is along a meridian. 

I n  the above quotation from Davis the term velocity 
is used in one sense only, meaning relatire velocity. 

to Hadley's t.eacliin t,lint ti body nim-ing 

attain a eat velocity to t,he west. when it reached the 
Equator,ye makes t.he crit,icism that this laggina can 
produce no eir'ect on the velocity, meaning rcTaitiv-e 
velocity. Hadlpy was correct in the sense t,lia.t. a change 
of latitude involves a change in tlie easterly ve1ocit.y of 
a freely moving body, but he was wron in assuming 

ond in e x e s  o P that which it possessed a t  latitude 50'. 

Ref toward err in% t e Equator continunlly f ags westward ttnd w'oiild 

that a change in relative relocity wou f cl result. In  

Davis's illustration a body given a velocity of 35 miles 
per hour to the southward a t  latitude 30" would not even 
reach latitude W, a fact which he omitted to state. In  
order that  it may reach the e c p t o r  it should have an 
init.in1 southward velocity of 116 meters per second, and 
at, the Equator it would he nioviiig due westward with 
it.s init.in.1 velocity. 

Thus moving air does not acquire the escessive veloci- 
tics implied in t.he est.ra.cts giwn above, hecause it does 
not. niovc over the rcqiiired range of latitude. The in- 
crease in easterly velocity is checked when the limitin 
1nt.itutle is reachrd, hence friction is ohviously not neede 
to reduce the excessive -docit.ics. 

In  order that. t,he body may cont.inue in its original 
direct,ion of projcct.ion, a force equal and opposite to the 
clcflectire force must. act on the hodp. Assume that the 
hotly moves 011 a plaiie wit,li an inclination to the left of 
tlie dircct.ion nf pmjeotion. With the direction due 
nort,h. the plane wi 1 slope to the west. If the inclination 
o f  the plane is such t.liat the sma.11 c.omponent of rarity 
tending to draw t.he body clown the plane is equa B to the 
cleflective forcc. thc inclination of the plane gradually 
increasing witli increasing lat.itucle, the body will con- 
tinue nioriiig in a clue north direction with uniform 
velocit,y. 

The uniform niotioii of a hoclj- on a.11 inclined plane is 
st.rict.ly annlogous to that of air particles along straight 
isol jars, :icglecting. frict.ion. 

pressure to cnstwaircl. The air mticles will have a niove- 

the equal and opposiite influences of the gradient tending 
t.o force the psrticles t.o the westwa.rcl and the earth's 
tleflcct.ive force tending to swerve them eastward. It is 
ohvious that allowiw for an increase in gradient with 
inc.reasing lat,itucle. %e conclit.ion of steady motion is 
renlized and t,he air ptirticles move over a wide ran e of 
lat,itude with uniforni ve1ocit.y. The principle o B the 
prcservation of areas is not thereby inraliclated nor is .it 
necessary to assume that retarding or danipin influences 

t ; e change of latitude. The increase of relative easterly 
velocit?- due to increase of latibucle is exactly neutralized 
by the increase of westerly velocity due to the gradient. 

s 

Consider isobars extendin 
north niicl south wt,h low pressure t.o westward and hig fl 
nient from sout.11 tn north wit. I 1 uniform velocity under 

o ernte to reduce the increased velocities ca 7 led for by 

NOTES, ABSTRACTS, AND REVIEWS. 

METEOROLOGICAL INFLUENCES O F  THE S U N  AND THE 
ATLANTl C.' 

By Prof. J. w. GREGORY, F. R. P. 
[Reprinted from I\iotifrr (London), ALIF. 5, 1 9 3 ,  pp. ;13-716.] 

The rospects of long-period weather forecast.ing and 
the esp anation of major yariations of c.limate ap ear t,o 
rest on two lines of iilpestigat.ion. The effort of t ie first 
is to connect changes in the weather with those in oceanic 
circulation ; the second abtribut.es t.he changes t.0 qaria- 
tions in the heat supply of t,lie sun nct,ing through the 
atmospheric pirculat.ion. Ench theory has its own n 
prioi*i probability. The oceanic control of climate hrts 
the sttractmion that ~ a c l ~ m e n n  is R. potenbid refrigernt.or. 
since it is a reservoir of almost ice-cold water, which, if 
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1 Bj6m Hellsnd-Honsen and Fridt'of Ninsen. I' Temperztnre Yarixticms in the Xorth 
Atlnntic 0ee:n and in the Atmospdere.;> lntrcidiirtm ?todies on the Ciiuse nI Cli-  
mitJlo,rical Variations. Srnithsmi an Miscdlnne3tis Coilwtiuns, rol. Ixx., l'oblicntion 
2537. 1920. Pp. viii+40S+# plates. 

Author's 8Ftrac-t of original work in Fermm, published in YONTIILY WEATHER 
REVIEW, April. 191.3, 46: l7i-17S. 

raised to the sui-face, must chill the air, disturh the winds, 
and enalde polar ice to drift further into the temperate 
setis. Hence Meinardus, for emmple, connected the 
range of ice in t.he Icelandic seas and harvests in Germany 
with variat,ions in the surfa.ce w;nteis of t.he North Atlan- 
t.ic. The alternat.ive t.heory lins the recommendati'on 
tha.t, since the eart.11 receives its heat supply from the 
sun, variiit,ion in solar act.ivity is  t.he natural cause of 
c1inint.k chnnge. 

The abnor- 
mal charncter of some cmstal climates is clearly due to 
t.lie upwelling of cold wat.er under t,he influence of off- 
shore winds. Moreover, unusual spells of weather on 
some of the coasts and islwids of the Atlant,ic follow 
changes in t.he qutdit.y of its surface water, as proved by 
l)r. H. N. Ilickson for Northwestern Europe, and by 
Prof H. H. Hilclel>rundssoii's denionst.rat,ion that for 15 
vcn.rs thcre hns heen constant coincidence between rain- 
h l l  in Brit.inh ColumiJia and the weatrher in the following 
autumn in the Azores. The alternative theory that the 

The oceanic t,heory niust 'De true in part,. 


